Nutrient (N and P) fluxes via excretion by macrozoobenthos were estimated in a Chinese large shallow lake (Lake Taihu). The spatial variation in nutrient fluxes and the differences of specific excretion rate among six dominant species were quantified. The distribution of dominant species varied significantly among different trophic lake areas. The maximum biomass of macrozoobenthos was calculated in phytoplanktondominated lake areas, while the minimum occurred in macrophyte-dominated lake areas. Mass-specific excretion rate among six dominant species was significantly different. Our results indicated that nutrient flux through benthic invertebrate varied spatially, which was affected by dominant benthic species composition and biomass. Limnodrilus hoffmeisteri, Corbicula fluminea and Bellamya aeruginosa made the greatest contribution to the total nutrient fluxes in Lake Taihu. N and P fluxes excreted by macrozoobenthos were greatest in phytoplankton-dominated lake areas (1037.7 mmol N m ¡2 d ¡1 and 111.74 mmol P m ¡2 d ¡1 ), which were almost 20 times greater than in the other lake areas. Since N and P excreted by macrozoobenthos could be rapidly absorbed by algae, macrozoobenthos might be a significant nutrient source contributing to frequent algal blooms in Lake Taihu.
Spatial variation in nutrient excretion by macrozoobenthos in a Chinese large shallow lake (Lake Taihu) Lei Ji a,b Introduction Lake Taihu has frequently suffered from harmful algal blooms in summer since 1990s (Qin et al. 2007 ). Many studies have showed that nitrogen (N) and phosphorus (P), especially availability of both, regulate phytoplankton production in lacustrine systems (Abell et al. 2010; Xu et al. 2010) . Major nutrient sources come from external runoffs and internal nutrient loading. Nutrient fluxes from sediments have been considered to be an important internal release process in shallow eutrophic lakes (Liu et al. 2009; Søndergaard et al. 2013) . Nutrients can be released from sediments through a variety of mechanisms, including physical, chemical and biological mechanisms (Zhang et al. 2011) . Among several possible processes, nutrient excretion by macrozoobenthos may play an important role in regulating nutrient release across the sedimentÀwater interface (Fukuhara & Yasuda 1985; Fukuhara & Sakamoto 1987; Fukuhara & Yasuda 1989; Devine & Vanni 2002) . Nutrients originated from the external sources mainly enter into aquatic system in a particulate form, which is poorly available to producers (algae). However, soluble reactive orthophosphates (SRP) and ammonium (NH 4 ) are the primary form of nutrient excretion via macrozoobenthos, which can be rapidly absorbed by algae (Lauritsen & Mozley 1989; Vanni et al. 2001) . Therefore, nutrient excretion by macrozoobenthos can affect the supply and stoichiometry of available nutrients, which may influence phytoplankton production and lake trophic status. Nutrient fluxes mediated by macrozoobenthos depend on many factors, such as temperature, species composition and biomass (Devine & Vanni 2002; Ji et al. 2011) . In view of its large surface area (2338 km 2 ), Lake Taihu provides diverse habitats with different physical and chemical characteristics. The community structure of macrozoobenthos varied significantly among different eutrophic areas (Cai et al. 2011 (Cai et al. , 2012 Ji et al. 2012) . However, detailed studies on nutrient excretion through macrozoobenthos in Lake Taihu are limited so far.
This study had two main objectives. The first objective was to compare the intra-specific variation in nutrient excretion rate among different dominant species in Lake Taihu. The second one was to estimate quantitatively the nutrient fluxes mediated by macrozoobenthos in different trophic lake areas and thereby evaluate whether nutrient excretion via macrozoobenthos was important in nutrient exchange across the waterÀsediment interface. This study would contribute to a better understanding of the important role of macrzoobenthos in nutrient release for a large subtropical shallow eutrophic lake. Figure 1 ). Its mean depth is about 1.9 m. In terms of the varying degrees of trophic levels, Lake Taihu can be divided into three different lake areas. Zone I (T1, T2, T3) suffers from hypereutrophication, resulting in a turbid state dominated by phytoplankton. Zone II (T4, T5), situated in the southwest area of the lake, was characterized by abundant submerged macrophytes and clear water. Zone III (T6, T7, T8, T9), exposed to wind-induced disturbance, is located in the central part of the lake, where the bottom was covered by mudÀsand sediments containing low nutrient loading (Ji et al. 2011) .
Materials and methods

Study site description
Macrozoobenthos sampling and water chemistry
In September 2009, sediment samples were collected with a modified Peterson grab with an area of 0.0625 m 2 at each sampling sites. The sediment samples were washed through a 0.45 mm sieve in the field. The remaining detritus and organisms were returned to the laboratory. Macrozoobenthos were picked out on a white tray and preserved with 7% formalin solution. Macrozoobenthos were sorted and identified to the lowest possible taxonomic levels using a stereoscopic microscope (MBS-10) (Morse et al. 1994; Wang 2002) . Prior to weighing the animals, water was removed using filter paper. Animals were weighed to the nearest 0.0001 mg on an electrobalance. The biomass of macrozoobenthos was calculated as arithmetical mean § SD (standard deviation) from triplicate samples at each sampling site.
Turbidity and pH were measured in the field. Ammonium concentrations were measured by the phenolÀhypochlorite method (Solorzano 1969) . Soluble reactive phosphorus concentrations were determined by the standard molybdenum blue methods (Murphy & Riley 1962) . Dissolved oxygen (DO), conductivity (EC) and chemical oxygen demand (COD Mn ) were measured in the laboratory based on the standard methods (APHA 1989) .
Nutrient excretion experiments
The excretion rate by macrozoobenthos was measured at a constant temperature of 20 C in the laboratory. Six dominant species (Limnodrilus hoffmeisteri, Capitella sp., Nephtys oligobranchia, Corbicula fluminea, Bellamya aeruginosa and Tanypus chinensis) were used for excretion experiments. Collection of each species for the experiment reflected its relative abundance in different lake areas. C. fluminea, L. hoffmeisteri and T. chinensis were collected from zone I; B. aeruginosa was collected from zone II; Capitella sp. and N. oligobranchia were taken from zone III. The remaining detritus and organisms were placed in a white tray, and then the animals were gently picked out with a forceps. In order to avoid affecting nutrient analysis, the algae and detritus particles were separated from animals.
Excretion rate was measured for each dominant species alone. The size range for each species was as follows: 0.0004À0.0012 g dry weight for the fourth instar larvae of T. chinensis, 0.0003À0.0008 g dry weight for L. hoffmeisteri (mature worms), 0.0008À0.0015 g dry weight for polychaeta and 0.0057À0.0073 g dry weight for mollusks. Five to thirty individuals of each species were placed in each bottle. Freshly collected animals were separately put into glass bottles containing 100 ml filtered natural lake water (through a 0.45 mm filter membrane). The bottles were sealed with aluminum foil to prevent pollution from air. Prior to the experiments, the filtered lake water was well oxygenated. Six replicate experiments were carried out for each species. The organisms were incubated under dark conditions for 4 h at 20 C. Experiments with control Journal of Freshwater Ecology 3 bottles without animals were also conducted in order to verify changes in the nutrient concentration due to other reasons. At the end of the experiments, water samples were taken from each bottle and immediately filtered through 0.45 mm filter membrane to exclude feces. NH 4 and SRP concentrations of the filtered water samples were determined as soon as possible. Macrozoobenthos from each experimental bottle were dried on aluminum foil for 24 h at 60 C. Dry weight of macrozoobenthos was then determined for each bottle. Mass-specific excretion rate was calculated by the following formula:
where ER is N or P excretion rate (nmol N or P mg dry mass ¡1 h ¡1 ), C f and C i are, respectively, the final and initial nutrient concentration of the filtered water (nmol ml ¡1 ), V is the incubated volume (ml) for each bottle, DW is the organism biomass expressed as dry weight (mg) and T is the incubation time.
N or P flux for each species was calculated by the following formula:
where F is the N or P flux for each species (mmol N or P m ¡2 d ¡1 ), ER is the mass-specific excretion rate (mmol N or P mg dry mass ¡1 h ¡1 ) and B is the macrozoobenthos biomass at each sampling site (mg dry mass m ¡2 ). Then we quantitatively estimated the site-specific N or P flux by summing the flux rates of the six dominant species at each sampling site.
One-way ANOVA and multiple comparisons by Fisher's least significant differences (LSD) were used to determine significant differences (p < 0.05) (software: SPSS 13.0).
Results
Environmental variables
One-way ANOVA analyses indicated that most environmental variables (except for pH) were significantly different among different lake areas (Table 1) . Zone I had the highest internal nutrient loading (NH 4 and SRP in interstitial water) and severe eutrophic levels (e.g., EC and COD Mn ). In contrast, zone II was characterized by the highest DO content and the lowest turbidity and nutrient levels. Only zone II was covered by diverse aquatic macrophytes. Due to strong wind-induced disturbance, zone III had the highest value of turbidity. The sediments in zone III were much sandier than that in the other lake areas.
Taxonomical composition and macrozoobenthos biomass
The community structure of macrozoobenthos varied significantly among different lake areas. Taxonomical composition of macrozoobenthos in different lake areas in Lake Taihu was presented in Table 2 . The maximum species richness (39 taxa) was recorded in zone II, including 13 taxa of oligochaeta, 2 taxa of polychaeta, 12 taxa of aquatic insects, 4 taxa of bivalvia, 7 taxa of gastropod and 1 species of amphipod. The species richness was lowest (only 26 taxa) in zone III. Compared to the other lake areas, the species richness of gastropod was more diverse in zone II. Zone I was dominated by L. hoffmeisteri and T. chinensis, with the biomass of 3.23 § 0.61 and 0.35 § 0.14 g m ¡2 , respectively. B. aeruginosa was abundant in zone II, with the biomass of 43.43 § 13.55 g m ¡2 . C. Data are expressed as means § 1 SD. One-way ANOVA and Fisher's least significant differences (LSD) are used to determine the significant differences (p < 0.05). Different letters indicate significant differences at p < 0.05. Macrophytes, ¡: absent; C: present. Table 2 . Taxonomical composition of macrozoobenthos in different lake areas in Lake Taihu (C: present). 
Nutrient excretion rate
The mass-specific excretion rate by dominant macrozoobenthos was significantly different among six species (p < 0.05). N and P excretion rates by L. hoffmeisteri and T. chinensis were higher than that by the other four species. L. hoffmeisteri had the highest mass-specific P excretion rate (0.9302 § 0.3391 nmol P mg ¡1 h ¡1 ), while Capitella sp. had the lowest excretion rate (0.0037 § 0.0053 nmol P mg ¡1 h ¡1 ). T. chinensis tended to have the highest mass-specific N excretion rate (4.08 § 1.54 nmol N mg ¡1 h ¡1 ), while Capitella sp. had the lowest excretion rate (0.014 § 0.113 nmol N mg ¡1 h ¡1 ). There was no significant difference between Capitella sp. and N. oligobranchia for N and P excretion rates (p > 0.05; Figure 3 ). 
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Nutrient fluxes
Nutrient fluxes mediated by macrozoobenthos excretion varied significantly among different lake areas (Figure 4 ) in zone I. There was no significant difference for nutrient fluxes via macrozoobenthos between zone II and zone III (p > 0.05). N and P fluxes mediated by macrozoobenthos in zone I were almost 20 times greater than in the other two lake areas. Furthermore, the relative contributions of dominant species varied significantly among different sampling sites of zone I. Due to the higher excretion and biomass, L. hoffmeisteri made the greatest contribution to the N and P fluxes at site T1. In view of the greatest biomass, the excretion by B. aeruginosa dominated the nutrient fluxes at site T2, while C. fluminea excretion contributed to the highest nutrient fluxes at site T3. The extremely low excretion rate and biomass of dominant species were responsible for the lower nutrient fluxes in the other two lake areas.
Discussion
The distribution of the dominant species showed marked spatial heterogeneity in Lake Taihu, corresponding well with the site-specific differences of trophic levels, Journal of Freshwater Ecology 7 macrophytes and sediment characteristics (Ma et al. 2008; Ji et al. 2011; Cao et al. 2012) . In this study, zone I showed the highest trophic level because of the large amount of anthropogenic pollutant inputs. The decomposition of organic matter depleted the DO content, which might strongly influence the survival of some sensitive species, especially for gastropod (Cai et al. 2012 ). Due to periodical hypoxia in muddy sediments, zone I was dominated almost exclusively by tolerant species, such as L. hoffmeisteri and T. chinensis. The highest abundance and biomass of macrozoobenthos was observed in zone I, which was attributed to the highest trophic level and food availability. The food quantity and availability might be the limiting factors for benthic abundance and biomass in lacustrine benthic systems (Herman et al. 1999; Sousa et al. 2006; Zbikowski & Kobak 2007) . As a consequence of abundant submerged macrophytes and the lowest trophic level, macrozoobenthos in zone II were characterized by diverse species richness and lower abundance. Previous studies have demonstrated that the more heterogeneous in the habitats, the more diverse was for the macrozoobenthos (Huston 1979) . Macrophytes enhanced the habitat heterogeneity, which provided diverse substrata for feeding, living and reproduction for macrozoobenthos (Tessier et al. 2004; Li et al. 2010) . Zone III was exposed to strong wind disturbance and the bottom here was covered by thinner layer mud-sandy sediments containing lower nutrient loading, which might be favorable to opportunistic colonization of C. fluminea, Capitella sp. and N. oligobranchia. The intensive windinduced disturbance was responsible for the lowest diversity and abundance of macrozoobenthos in zone III (Cai et al. 2011 (Cai et al. , 2012 . Devine and Vanni (2002) found that there was no significant difference in the nutrient excretion rate among taxa, which depended mainly on temperature and macrozoobenthos biomass. However, in this study, mass-specific N and P excretion rate was significantly different among six dominant species. T. chinensis tended to show the highest N excretion rate, and L. hoffmeisteri had the highest P excretion rate. Food resources might be responsible for the differences in nutrient excretion among taxa. Previous studies found that the excretion rate by macrozoobenthos was influenced by food quantity, availability and ingestion rate (Gardner et al. 1983; Mather et al. 1995) . Due to the frequent cyanobacterial blooms, substantial algal mats deposited in sediments might enhance food conditions for macrozoobenthos (Wen et al. 2009 ). The caloric energy of muddy sediments was lower compared with that of sedimenting phytoplankton, due to bacterial decomposition Journal of Freshwater Ecology 9 (Ahlgren et al. 1997 ). In addition, living benthic algae could excrete extracellularly polysaccharides and glycoproteins, which might be used as suitable food sources by macrozoobenthos (Madsen et al. 1993; Underwood & Paterson 1993) . Excretion rate of macrozoobenthos has been reported previously by some researchers. For example, N and P excretion rate by T. chinensis in this study (4.08 nmol N mg dry mass ¡1 h ¡1 and 0.385 nmol P mg dry mass ¡1 h ¡1 ) were almost similar with the data (4.75 nmol N mg dry mass ¡1 h ¡1 and 0.35 nmol P mg dry mass ¡1 h ¡1 ) for the same species during an incubation time of 4 h at 20 C estimated by Fukuhara and Sakamoto (1987) . The ammonium excretion rate for Capitellidae sp. from the Gulf of Mexico was 0.7 nmol N mg dry mass ¡1 h ¡1 at 20À23 C (Gardner et al. 1993) , which was comparable to the results in this study. Fukuhara and Yasuda (1985) reported the SRP excretion rate of 0.07 nmol P mg dry mass ¡1 h ¡1 for Limnodrilus at 15 C (incubation time 7 h), which was lower than the result in this study. The excretion rates by L. hoffmeisteri in this study (20 C) were lower than the results (at 22 C) reported by Devine and Vanni (2002) . Several studies have shown that the mass-specific excretion rate by macrozoobenthos depended on the incubation time and temperature. The nutrient excretion rate generally tended to increase with temperature, and decrease with incubation time (Bayne & Scullard 1977; Fukuhara & Yasuda 1985 Gulati et al. 1989; Devine & Vanni 2002) . Moreover, the excretion rate in natural conditions might be affected by food availability and ingestion rates (Johannes 1964; Mather et al. 1995) . Therefore, compared with other studies, the excretion rates in this study were reasonable under the same incubated conditions. Differences in nutrient fluxes mediated by macrozoobenthos among different lake areas were attributed to the spatial variation in species composition and biomass of macrozoobenthos. N and P fluxes via macrozoobenthos excretion in zone I (1037.73 § 639.76 mmol N m ¡2 d ¡1 and 111.74 § 49.62 mmol P m ¡2 d ¡1 ) were almost 20 times greater than in the other two lake areas. According to Fan et al. (2004 Fan et al. ( , 2006 , the N exchange rate at the sedimentÀwater interface in Lake Taihu ranged from 950 to 3920 mmol N m ¡2 d ¡1 and P exchange rate varied from 8.7 to 1358 mmol P m ¡2 d ¡1 . Therefore, compared with other nutrient fluxes, nutrient excretion by macrozoobenthos should be an important source in Lake Taihu.
